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We have examined target detection performance in two monkey subjects during visual search with 
eye movements as a function of stimulus density and the eccentricity of the target from fixation. As 
expected, search time and the number of fixations per trial were related to the number of array 
objects in conjunction style arrays. High probability detection of targets occurs only within a 
restricted area surrounding the fixation point. The size of this area is predictably controlled by 
stimulus density. When stimulus density is normalized using average nearest neighbor distances, 
detection probability as a function of eccentricity is equivalent across sthtmlus densities. Search in 
target unique feature arrays is a simple linear function of target eccentricity independent of 
stimulus density. Evidence suggestive of attentive scanning during the fixations of active search was 
not found. The effects of stimulus density were different in the initial 100-200 msec immediately 
after array presentation compared with the remainder of the trial for both conjunction and feature 
search. We suggest that the initial vs midtrial differences are related to surround integration time. 
Overall, our results suggest that during active search focal attention operates within a conspicuity 
area having an effective radius of about twice the average nearest neighbor distance. Published by 
Elsevier Science Ltd 
Visual search Focal attention Eye movements Fixation Monkey psychophysics 
INTRODUCTION 
Simple visual search paradigms require subjects to find a 
designated object within arrays composed of simple, 
fairly homogeneous objects. A target with a feature that is 
unique within the scene is quite conspicuous and 
decisions about the presence of such targets are largely 
independent of the number of other objects in the scene 
(Treisman & Gelade, 1980). On the other hand, a target 
that lacks a unique single feature is generally not so 
conspicuous and decision or search time is often found to 
be a quasi-linear function of the number of objects in the 
scene. This quasi-linear increase in search time has been 
interpreted as reflecting a serial process in which focal 
attention is sequentially directed to each object (or 
grouping of objects), even in the absence of eye 
movements, until the target is found or its absence 
deduced (Treisman, 1982). Search time is dependent 
upon several factors, including the similarity (Duncan & 
Humphreys, 1989) or discriminability of the stimuli 
(Bergen & Julesz, 1983) and the particular relevant 
stimulus dimensions (Verghese & Nakayama, 1994). The 
slope of the search time/array size function has been used 
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to estimate the amount of time required to scan individual 
objects (Treisman, 1988), although it is clear that the 
additional integration time required to process informa- 
tion from multiple stimuli is a confounding factor in 
estimating scanning rates (Palmer, Ames & Lindsey, 
1993). 
Does this attentive serial scanning also occur when the 
eyes are free to move, as in active visual search? 
Psychophysical evidence suggests that focal attentive 
shifts do accompany each eye movement (Hoffman & 
Subramaniam, 1995; Kowler, Anderson, Dosher & 
Blaser, 1995). However, the correspondence between a 
series of fixations during search and the postulated serial 
attentive scanning need not be a one-to-one match. 
During each fixation, additional covert attentive scans of 
the scene could take place. The results of such a scan 
could either direct the eyes to the target or away from 
areas that do not contain the target. In this study we 
examined search performance as a function of target 
distances and fixation durations under different search 
conditions. We reasoned that the attentional scanning that 
might occur in difficult search conditions should be 
accompanied by longer fixation durations than during 
simpler conditions. The results presented here do not 
support a hypothesis based on focal attentive scanning 
within each fixation. Instead, focal processes contributed 
to target detection only in a very limited zone around the 
point of fixation and the size of this zone is tightly 
1007 
1008 B. C. MO’lTER and E. J. BELKY 
FIGURE 1. A conjunction search array containing 48 items. Search is started from an initial fixation target located in the center 
of the display. All conditions were randomized trial by trial. The target for each trial was cued prior to array presentation. 
Subjects had to find and fixate the target for 600 msec. The target was always present. Solid colored bars (rather than the open 
and filled bars shown here) were used. 
controlled by stimulus density. In a forthcoming paper we 
will present our analysis of the overall guidance of 
search, the selection of potential targets beyond the zone 
of focal attention and the targeting performance of 
saccadic eye movements during search (Molter & Belky, 
1997b). 
METHODS 
We chose to investigate active search in highly 
practiced subjects for which accurate eye position 
measurements could be made. Two rhesus monkeys 
were trained (using liquid reward) to search for a 
specified target within an array of stimuli. These animals 
had served as subjects in other experiments requiring eye 
coils and thus no further invasive procedures were 
required. All experiments were conducted under proto- 
cols approved by the Institutional Animal Care and Use 
Committees. 
For the first experiment, stimuli were high contrast red 
and green bars (1.0 x 0.25 deg) presented in orthogonal 
orientation pairs (for one animal 45 and 135 and the other 
0 and 90 deg). Search arrays contained 6,12,24,48, or 96 
stimuli evenly distributed across a 34 x 25.5 deg video 
display field. Stimuli were displayed on a Hitachi HM- 
4319 monitor (55 Hz non-interlaced) at a viewing 
distance of 57 cm that yielded a 22 pixel/deg resolution. 
Stimuli were generated using a graphics co-processor 
card (SGT-P, Number Nine) controlled by an MS-DOS 
386-based computer system that also handled all data 
collection. The video vertical blanking signal was used to 
generate interrupts that provided for the synchronization 
of data collection and stimulus display. During software 
development the video syncs, RGB channels and hard- 
ware TTL outputs from the stimulus generation routines 
were used to verify the timing of display events. On each 
trial the target was randomly chosen from the four 
different stimulus types. 
Two levels of search difficulty were used-feature and 
conjunction search (Treisman & Gelade, 1980). The 
target in “feature” arrays was either a unique color (with 
the distracters having the same orientation and opposite 
color) or a unique orientation (with distracters having the 
same color and opposite orientation). In “conjunction” 
arrays the target was a unique combination of color and 
orientation and the two distracters were the opposite 
orientation or color pairings (see Fig. 1). The two 
distractor types were balanced 50%-50% in conjunction 
arrays. There was a fixed set of target locations on the 
screen. Target locations were equidistantly spaced along 
imaginary concentric rings (six per ring) occurring at 
increments of 2 deg from screen center. The target 
locations in each successively larger ring were rotated 
20 deg clockwise, giving an overall spiral configuration. 
Target locations falling outside the rectangular display 
area were eliminated, leading to a total of 44 standard 
locations. Non-target objects were evenly dispersed 
across the display by dividing the display area into a 
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row and column matrix, maintaining a 3:4 row x column 
ratio to keep the cells of the matrix square. The number of 
rows and columns were chosen so that the total number of 
matrix cells just exceeded the array size. The target 
location was naturally located in one of these cells and 
the distracters were randomly assigned to other cells, one 
per cell. Distracters were randomly positioned within the 
spatial area of each matrix cell. On any given trial, 
distracters could occupy any of the unused target 
locations. 
Trials were initiated by fixation of a black dot in the 
center of the display. Once fixated (search coil measure- 
ment) the fixation point was replaced by that trial’s target 
for a period of l-l.5 set, followed by the presentation of 
the array. Subjects had to find and fixate the target for 
600 msec to complete the trial. A single target was 
present on every trial. Random permutation sequences 
controlled the composition of each trial, selecting from 
two array types (feature or conjunction), five array sizes, 
44 target locations and four possible target stimuli. 
Subjects were encouraged to be fast and accurate by 
differentially rewarding (larger rewards) fast search 
times. Each animal had extensive prior experience (many 
tens of thousands of trials) with video displays of simple 
stimuli during prolonged periods (2-6 set) of fixation. 
The animals were retrained first to saccade to target 
displacements, and then to selectively find and fixate a 
target in progressively larger arrays of distracters. During 
training, the difficult conditions received greater empha- 
sis until subjects consistently found the target. Once the 
subjects learned the basic search task they quickly (l-3 
days) adapted to new search targets. Subjects were 
practiced for several weeks (approximately ten thousand 
trials) before each set of experiments. Part of the reason 
for using highly practiced subjects was to assure that the 
performance remained stable over tens of thousands of 
behavioral trials and therefore would be compatible with 
future behavioral neurophysiological studies. Perfor- 
mance remained stable as long as varied mapping 
conditions were maintained. For each experimental series 
a large number of trials (~5000) were collected so that the 
total number of fixations in the feature midtrial condition 
(see below) exceeded 2500. 
All displays were viewed binocularly and the position 
of one eye was measured by the scleral search coil 
technique. Eye position was sampled at the midpoint of 
each video frame (55 Hz) presentation. Eye measurement 
calibrations were obtained by having the subjects fixate 
targets at a large number of locations throughout the 
search field. Eye position was then obtained by using a 
large lookup table of calibration data and interpolations 
that avoided problems previously encountered with large 
eccentric deviations when using a simpler linear gain 
assumption. Calibration gains did not change during the 
experimental series as is routinely observed with 
implanted search coils. Subjects were required to initially 
fixate the fixation target within a 0.5-deg radius and then 
to maintain fixation within a l.O-deg radius during 
presentation of the target stimulus. Deviations outside of 
this range immediately terminated the trial prior to array 
presentation. During array presentation no limits were 
placed on eye positioning. Acquisition of the target was 
defined by an initial eye position within 1 .O deg of the 
center of the target that remained within 1.5 deg of the 
target for 600 msec. If the target was acquired but then 
the eye moved away within 600 msec, the trial proceeded 
normally until the target was eventually fixated for the 
correct duration. If the target was not acquired within 
7262 msec, the array was blanked and the trial was 
terminated. Target acquisition within the final 600 msec 
prolonged the array presentation as required to determine 
the outcome of the fixation. Search time is defined as the 
time between the onset of the array and the acquisition of 
the target, and therefore does not include the 600 msec 
period used to establish the behavioral response. 
RESULTS 
Experiment l-active visual search: standard display 
Search time. The basic search performance results are 
summarized in Fig. 2(A). These data confirm a difference 
between search for targets in feature and conjunction 
arrays during active visual search employing eye move- 
ments. The differences parallel those observed in human 
attentional studies conducted in the absence of eye 
movements (Treisman & Gelade, 1980; Treisman, 1988). 
Search times for targets having a unique color feature 
within the scene are essentially flat or independent of the 
number of objects in the display. Search times for targets 
having a unique orientation feature actually decrease by 
approx. 50% as array density increases. In sparse arrays 
of six items there was no difference between orientation 
feature and conjunction search. The incrementing change 
with array size suggests that the orientation uniqueness, 
unlike color, was related to the stimulus density. Search 
times for targets that are distinguishable only by a unique 
combination of features increase as a function of the 
number of objects in the display, although not as a simple 
linear function. The average search time for the two 
subjects is indicated by the solid line and dots; the dashed 
lines show the individual performances. In Fig. 2(A) each 
data point for each animal is based on a minimum of 500 
trials for conjunction data and 250 trials for feature data. 
In studies without eye movements the slope of the 
search function has been used to estimate the scanning 
rate under the hypothesis of a serial item-by-item search. 
The overall slope of the conjunctive search function in 
Fig. 2(A) is approx. 11 msec/item (1000 msec/90 items). 
Assuming a serial item-by-item search, the target is 
found, on average, after searching halfway through the 
array, this gives a search rate of about 22 msec/item. In 
active search, fixations are interrupted by saccadic eye 
movements which change the point of fixation within the 
display. Figure 2(B) plots the number of fixations per trial 
as a function of array type and array size. The number of 
fixations per trial closely mirrors the total search time 
data. However, it is clear from the curved functions that 
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FJGURE 2. Search performance as a function of array size for average total search time (A) and for the total number of fixations 
per trial (B). Dashed lines represent data for each of the two subjects and the solid line is the average of the two. Search for 
conjunctive target (filled dots) and search for feature targets (unique orientation, open triangles; unique color, filled triangles). 
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FIGURE 3. Saccade latency as a function of array size and search 
condition. Open symbols are for feature search and filled symbols are 
for conjunction search. Data are only for the initial saccade of each 
trial. Solid lines are latencies for trials on which the target was captured 
on the first saccade, dashed lines are latencies for non-capturing initial 
saccades. Each point is the average for two subjects based on 500 trials 
per subject per point. 
neither total time nor number of fixations support a 
simple linear model of item-by-item search. 
Initial saccade latency 
The initial saccade latency, the interval between the 
presentation of the array and the initial saccade, was 
measured for each trial and classified according to 
whether the saccade directly captured or missed the 
target. The results are shown in Fig. 3 as functions of 
array size and search condition. Saccade latency does 
increase slightly for all conditions as a function of array 
size. This increase of approx. 50 msec from arrays of 6 to 
96 objects is too slight to account for much of the overall 
scanning time. Notice also that for conjunction arrays 
there is no difference in saccade latency between 
saccades that capture the target vs those that do not. 
Under a serial scan hypothesis, finding the target should 
happen by chance halfway through the potential scan 
period, leading to a shorter average latency for targeting 
saccades. Under the feature search conditions of this 
experiment saccades that failed to capture the target (for 
the larger array sizes) had longer latencies than those that 
captured the target. Other experiments, however, re- 
vealed no difference for capture condition [see Fig. 
10(A)], suggesting instead that feature search conditions 
generally result in shorter initial saccade latencies (20- 
50 msec) than conjunctive search conditions, at least for 
high density arrays. 
Fixation duration 
Aside from the initial saccade latency and the time that 
elapses while the eyes are in motion (approx. 12% of total 
time in these studies), all the time available for scanning 
the array occurs during the fixations of active search. 
While the number of fixations is far too few to account for 
correct identification of the target under the assumption 
of one item per fixation, one could assume that item 
scanning might be a combination of different fixations 
and covert scanning within each fixation. We investi- 
gated this hypothesis first by measuring the durations of 
fixations occurring during the search trials. Fixation 
durations were measured for each fixation occurring 
between the initial fixation at screen center and the final 
target fixation. The distributions of these fixation 
durations were unimodal and similar for the two subjects 
[see Fig. 4(A)]. Although the numbers of fixations in the 
feature and conjunction conditions were quite different 
(about 2600 fixations for feature, and 14000 for 
conjunction conditions in each animal), their distribu- 
tions were essentially identical. The relationships be- 
tween array size, search condition and fixation duration 
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are plotted in Fig. 4(B) and (C). Both feature and 
conjunction conditions have similar fixation durations 
and are essentially flat with respect to the number of 
objects in the array [Fig. 4(B)]. The slight differences 
between search conditions in the smaller array sizes and 
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the upturn in average durations are not present in terms of 
median values (light dashed lines) and reflect skewness in 
the distributions. 
We further considered that fixation durations may be 
affected by a more subtle relation to the number of 
stimuli “near” the point of fixation. To investigate this we 
counted all of the stimuli within 4 deg of each fixation 
during each trial in the conjunction condition. The 4 deg 
radius was chosen to include a range of 1-8 stimuli across 
array sizes. The results are plotted in Fig. 4(C). There is 
no evidence for a relationship between the number of 
nearby stimuli and the fixation duration. Thus, despite a 
reasonable variability in fixation duration relative to the 
mean duration (mean of approx. 200 msec, SD of 
100 msec), the data of Fig. 4 show that the array size 
effect measure that is commonly used to infer a serial 
covert attentive scan in search without eye movements 
does not reveal any evidence of serial scanning during the 
individual fixations occurring during active eye move- 
ment search. 
Area of conspicuitv during search 
Despite the independence of array size and fixation 
duration, information must be acquired from beyond just 
the fixated target, because the number of fixations is far 
fewer than half the array size [Fig. 2(B)]. Additional 
information must come either from focal attentive 
processes that span beyond the fixated stimulus or from 
other, pre-attentive, processes that precede focal attention 
and serve to guide focal attention and the eyes to objects 
of interest. The remainder of this paper will address 
issues dealing with the span of focal attention. In the 
absence of evidence for serial scanning within a given 
fixation period, one hypothesis is that stimuli within a 
spatial area surrounding individual fixations are pro- 
cessed in parallel with the fixated stimulus. The area 
about the fixation point within which information can be 
effectively extracted is referred to here as the conspicuity 
area (Engel, 1971). We measured the size of the 
conspicuity area by determining the probability of 
detecting targets located at different distances from the 
point of fixation. For each fixation, the distance to the 
target was measured and the outcome of the ensuing 
saccade (target capture or not) was noted. Separate 
analyses were performed for the initial fixation period 
FIGURE 4. (A) Fixation duration distributions for feature and 
conjunction search conditions for both subjects. Solid lines for one 
subject, dashed lines for the other. Feature and conjunction distribu- 
tions within a subject are nearly identical. Only tixations occurring 
after the first saccade and before the tinal target fixation are included. 
Naturally many more fixations occurred during conjunction search 
although the total number of trials was balanced within subjects. (B) 
Average tixation duration as a function of array size and search 
condition; filled circles are conjunction search condition, open circles 
are feature search condition. (C) Average fixation duration as a 
function of the number of objects within 4 deg of the current fixation 
location for different array size conditions during search for a 
conjunction target. Symbols indicate the five different array sizes: 6. 
filled circle: 12. open triangle; 24, filled triangle: 48. open box; 96. 
filled box. Bin width for counting was IX. IX msec. 
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FIGURE 5. Conjunction search conditions-midtrial data. Probability 
of target capture on the next saccade as a function of target eccentricity 
for different array size conditions. Five array sizes containing 6, 12,24, 
48, or 96 items were used; symbols as in Fig. 3. (A) Target eccentricity 
is measured as the distance of the target from the current point of 
fixation in degrees. Target distances were binned in 1 deg intervals 
(from 1 to 20 deg) and the outcome (target capture or not) of the 
subsequent saccade was noted. The probability of detecting the target 
at any given linear distance is dependent upon array size. The 
probabilities of capture curves are, in fact, ordered and will be 
distinguished only by labeling the 6 and 96 items arrays in this and 
subsequent figures. (B) The spacing factor of stimulus density has been 
normalized for the different densities (array sizes) by expressing 
distance in units of the average nearest neighbor distance for each array 
(see Fig. 6). After such a transformation the target capture curves 
superimpose indicating that conspicuity area (the area of high 
probability of target detection) is zoomed as a function of stimulus 
spacing. 
that included the onset time of the array and for 
subsequent “midtrial” fixations occurring during the 
ensuing active search. Data from each subject were 
remarkably similar and were initially analyzed separately 
and then averaged for summary purposes. 
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FIGURE 6. Average nearest neighbor distances in search arrays. 
Average nearest neighbor distance (ANND) was measured for each 
array used and an average across arrays was then calculated. ANND 
values for the standard display size (34 x 25.5 deg) are shown by curve 
A and those values associated with the l/4 scale display 
(8.5 x 6.375 deg) are shown by curve B. Insert figure shows relation 
between ANND values and an estimate of average stimulus spacing 
derived by taking the square root of the display area divided by the 
number of stimuli. Either measure is adequate for normalizing spacing, 
but ANND is more robust in that it can be applied to selective subsets 
of stimuli and to arrays of varying density. 
Conjunctive search displays 
Midtrial data 
The midtrial conjunctive search conditions constituted 
the majority of the data with approx. 15 000 fixations for 
each subject. The probabilities of target capture on the 
following saccade are shown in Fig. 5(A) as a function of 
distance from the fixation point for the different array 
sizes. The probability of target capture gradually declines 
with distance from fixation. Furthermore, at any given 
eccentricity the probability of capture is lower for denser 
arrays. These data imply that the density of stimuli within 
the array play a principal role in controlling the 
effectiveness of information processing in the vicinity 
of the fixation point. We reasoned that if stimulus density 
could be normalized, then the curves of Fig. 5(A) should 
overlap. We recognized that there are different aspects of 
stimulus density, one of which concerns the overall 
spacing of stimuli, another may be lateral interactions 
over specific distances (e.g., interactions that only occur 
between stimuli when their separation is within a 
particular ratio of their size). We chose to normalize for 
the spatial scaling by converting linear distance for the 
different densities to a common metric space. We used 
the average nearest neighbor distance (the average 
minimum interstimulus distance) as the metric. The 
average nearest neighbor distance (ANND) for each array 
size was empirically obtained for the entire data set (see 
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Fig. 6). By expressing target eccentricity in ANND units, 
stimulus density can be normalized for spacing effects 
without altering effects due to special lateral interactions 
between stimuli. Using the relationship between array 
size and average nearest neighbor distance, the results of 
Fig. 5(A) are replotted in Fig. 5(B), showing the 
probability of target capture as a function of distance in 
ANND units. In support of our hypothesis that stimulus 
density was the principal factor in determining target 
detection in the area surrounding the point of fixation, the 
curves for the different array sizes in Fig. 5(B) appear to 
overlap each other, perhaps even crossover (as shown and 
discussed below in regard to Fig. 7). Figure 5 shows that 
the probability of detecting the target at a distance of 
twice the nearest neighbor separation is approx. 0.3, 
irrespective of whether this occurs in an array of six 
objects at a linear distance of 17.8 deg or in an array of 96 
objects at a linear distance of 4.1 deg. The size of the area 
in which targets are conspicuous is not fixed, but is 
determined by the spacing of elements in the array. In this 
sense the conspicuity area is zoomed but it is strictly 
determined by the stimuli in the scene. Effects due to 
local lateral interactions between stimuli based on local 
distances between stimuli would have fanned the array 
size curves apart in Fig. 5(B). The overlap of the array 
size plots indicates that such interactions play a minor 
role in target detection, at least within the conspicuity 
area. 
Initial presentation data 
At the beginning of each trial, the monkeys fixated in 
the center of the screen, first on a central fixation point, 
second on the target for that trial, and then momentarily 
on a (usually blank) portion of the stimulus array. The 
probability of target capture for the initial saccade away 
from this central position was determined for both feature 
and conjunction conditions. These probabilities of target 
capture differ from those of subsequent fixations 
(midtrial data), as seen in Fig. 7. First, the probability 
that a nearby target will be detected and fixated next is 
greater than for the midtrial fixations, and second the 
probability gradient for the initial fixation condition is 
steeper [Fig. 7(A)]. Transforming the data according to 
the spacing of stimulus density does not produce as 
complete an overlap of the different array curves [see Fig. 
7(B)] as was the case for the midtrial data. The curves of 
Fig. 7(B) clearly crossover and suggest that spacing is not 
the only factor in determining detection probability at the 
onset of the trial. 
One possible factor that might have played a role in the 
differences between initial and midtrial data is that the 
initial presentation occurs without a stimulus at the point 
of fixation (or only rarely), thus there is no immediate 
central processing demand. This may alter the processing 
of the nearby surround. We tested this possibility by 
selecting from the midtrial data those fixations that 
occurred over blank areas (i.e., not within 1 .O degree of a 
stimulus) and determined the target capture probability 
gradients for these fixations. After transforming for 
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FIGURE 7. Conjunction search conditions-initial presentation data. 
Probability of target capture on the first saccade for each trial as a 
function of target eccentricity and array size. Data are presented in the 
same manner as in Fig. 5, except these data depict the results of the first 
saccade following the onset of the search array. (A) Target eccentricity 
in degrees. (B) Target eccentricity after normalizing for the spacing 
factor of stimulus density by expressing distance in increments of the 
average nearest neighbor distance (ANND). Unlike the midtrial data 
(Fig. S), normalizing does not result in complete overlap of the capture 
curves. The curves, in fact, splay out in a reverse order with the higher 
density curves actually being closer to the midtrial data curves. 
stimulus density, the curves for different array sizes did 
overlap, as in Fig. 5(B), rather than splay out, as in Fig. 
7(B), indicating that the presence of a stimulus at fixation 
does not significantly impact the detection of a target in 
the near vicinity. 
Feature search displays 
As can be seen in Fig. 2, search for unique features is 
dramatically different from search for feature conjunc- 
tions. Many of the trials required only a single targeting 
saccade, 52% of the orientation unique feature trials and 
77% of the color unique feature trials. Compared with 
conjunction search, feature search resulted in a higher 
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second and ensuing saccades (midtrial), however, the curves overlap, indicating a simple linear relationship between capture 
probability and target eccentricity. A correction for spacing would further separate the curves, indicating that factors other than 
spacing account for the splaying apart, but this occurs only in the initial period. 
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FIGURE 9. Search performance as function of array size for average total search time (A) and for the total number of fixations 
per trial (B) for the l/4 scale display size. Dashed lines represent the two subjects and the solid line their average. Search for 
conjunctive target (filled dots) and feature targets (unique orientation, open triangles; unique color, filled triangles). 
overall probability of target capture on any given fixation. 
For the initial presentation data, feature targets are 
actually more likely to be detected when array density is 
higher, a clear reversal of the normal array size effect 
[Fig. 8(A)]. In the feature midtrial data [Fig. S(B)], 
however, capture probability appears to be unrelated to 
array size and appears to be a simple function of 
eccentricity. Initial and midtrial data are actually very 
similar, except for the two densest arrays of 48 and 96 
stimuli. For these data, normalizing the spacing between 
stimuli (as for the conjunction data) would clearly 
separate the curves by array size, suggesting only that 
spacing is not an issue in feature arrays-at least for the 
composition style used here. 
Experiment 2active visual search: small display 
To test whether the effects of stimulus density we 
observed are scale invariant and generalize to spatially 
denser displays, experiments were performed repeating 
the first series in l/16 of the display area. 
Methods 
The display size was linearly scaled by 114 to be 
8.5 x 6.375 deg. The stimulus bars were scaled by 215 
(0.5 x 0.1 deg) because reduction by l/4 produced 
obvious pixel increments in the appearance of the oblique 
bars. The fixation control windows were tightened to 
require initial fixation within 0.3 deg of the fixation point 
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FIGURE 10. Average fixation durations and saccade latencies for 114 scale display. (A) Fixation duration as function of array 
size and search condition (filled circles, conjunction; open circles, feature search condition). (B) Saccade latency as function of 
array size and search condition (filled circles, conjunction; open circles, feature search). Solid lines are latencies for trials on 
which the target was captured on the first saccade, dashed lines are latencies for non-capturing initial saccades. 
with a hold radius of 0.75 deg and a initial target window 
of 0.5 deg with a hold of 0.75 deg. All other conditions 
remained the same including viewing distance and the 
same monkey subjects which participated in this experi- 
ment after Experiment 1. 
Results 
Search time. The basic results for the small display, 
summarized in Fig. 9, show essentially the same search 
performance as that for the standard display. Feature 
search for either a color or orientation pop-out was 
accomplished for the most part with a single saccade, 
whereas search through conjunctive arrays required a 
progressive increase in the number of fixations as the 
array size increased. Fixation duration and saccadic 
latency distributions were very similar to those observed 
in Experiment 1, and showed the same relationships to 
array size (Fig. 10). Thus, the general characteristics of 
active search were unaffected by scaling the entire 
display. 
Search in small conjunctive displays 
The conspicuity areas were again obtained by analysis 
of the probability of target capture for initial and midtrial 
data. Figure 11(A) shows detection probability for 
midtrial data as a function of linear distance from the 
current fixation point during search in conjunctive arrays. 
A series of array size curves similar to those of 
Experiment 1 (Fig. 5) are evident. Transforming the 
linear distances into ANND units [using the nearest 
neighbor distances shown in Fig. 6(B)] produces a near 
superimposed set of curves [Fig. 11(B)]. Again, this 
result indicates that during active search the area within 
which a target is conspicuous is a relatively simple 
function of stimulus spacing. As was the case for the full 
scale displays, the probability of target capture upon the 
initial presentations of the stimulus array for the l/4 scale 
display (Fig. 12) is different from the midtrial data. In this 
case the capture probabilities near fixation are somewhat 
depressed for intermediate and dense arrays compared 
with the midtrial data. The slope of the fall off in 
probability as a function of distance is also steeper, 
especially for intermediate arrays. These differences are 
clearer when the data are plotted in ANND units [Fig. 
12(B)] and compared with the midtrial data [Fig. 1 l(B)]. 
As was the case for our standard display size, normalizing 
the data for the spacing of stimulus density does not 
produce a clear superimposition of the different array 
curves, suggesting again that the effects of stimulus 
density, if any, are different for the initial presentation of 
the display. 
Search in small feature displays 
The search for unique features in small displays 
produced nearly identical results to those obtained in 
the larger display, as can be seen by comparing Figs 8 and 
13. In the period immediately after the onset of the array, 
the feature targets are more likely to be detected and 
captured in the higher density arrays of 24, 48, and 96 
stimuli. For the small display, the curves for the midtrial 
data are not as well defined owing to the relatively small 
number of trials requiring more than the initial saccade to 
capture the target, especially for higher stimulus density 
trials. Nevertheless, the data points for midtrial data 
indicate that capture probability is unrelated to array size 
but is linearly related to eccentricity. 
Comparison of large and small display data 
The feature search results of Experiments 1 and 2 are 
remarkably similar in the simple linear relationship 
between target capture probability and target eccentti- 
city. The results are also similar in their departure from 
this simple relationship in the initial presentation data for 
densest arrays. The overall display size differences. 
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FIGURE 11. Midtrial conjunction data for l/4 scale display. 
Probability of target capture on the next saccade as a function of 
target eccentricity for different array size conditions. Conventions are 
as in Fig. 5. Array sizes (6, 12, 24, 48, 96 items) were the same but 
confined to l/16 of the area used in the standard display. (A) Target 
eccentricity expressed in degrees binned in 0.5 deg steps. Curves 
representing different arrays sizes are, in fact, ordered. (B) Target 
eccentricity expressed in units of the average nearest neighbor distance 
for each array size. After this transformation the target capture curves 
superimpose. The conspicuity area (the area of high probability of 
target detection under the curve) scales as a function of stimulus 
FIGURE 12. Initial presentation data for conjunction search in 114 
scale displays. Probability of target capture on the first saccade for each 
trial as a function of target eccentricity and array size. Data are 
presented in the same manner as in Fig. 7. (A) Target eccentricity in 
degrees. Curves are essentially ordered in terms of array size. (B) 
Target eccentricity in ANND units. Differences in comparison with 
Fig. 11 are apparent in the splaying out of the curves beyond 
eccentricities of 2 ANND units, ordered in terms of array size. 
density. 
inflexion points were determined. The fitted slopes were 
2.3 and 2.0 and the inflexion points were 1.8 and 2.3 for 
the standard and l/4 scale data, respectively. These 
values depict a slightly broader extent of the conspicuity 
area in the 114 scale data. Does this result imply that 
factors other than stimulus density play a role in the 
ability to detect targets in the near periphery during 
search? Although it has that appearance, the only obvious 
differences between the experiments are the slight change 
in stimulus size (which was scaled by 2/5 rather than l/4) 
relative to the display and the actual region of visual 
space to be searched. The reduced display size shifted all 
stimuli into a higher acuity area of the retina, but the 
stimuli used were all well above simple acuity thresholds, 
as evidenced by the feature search data. As Experiment 2 
followed Experiment 1, differences could be related to 
however, were clearly reflected in the slopes of the 
relationship between eccentricity and target capture 
probability. Other local factors such as the ratio between 
stimulus size and stimulus separation (Bergen & Julesz, 
1983; Nothdurft, 1985) may be playing a role in these 
differences. 
The conjunction search results of Experiments 1 and 2 
are directly compared in Fig. 14. Midtrial data for the 
conjunctive search conditions for all array sizes are 
plotted as open circles for the l/4 scale data and closed 
circles for the standard display size data. A logistic 
function (as a simple approximation to a psychometric 
function) was fit to each data set and the slope and 
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FIGURE 13. Feature search data for the l/4 scale display. Probability of target capture plotted as a function of target eccentricity 
in degrees for the initial (A) and midtrial (B) period during search for a feature unique target. l/4 scale results were similar to the 
standard display case. The initial period shows a fan out of probability ordered according to array size, whereas the midtrial 
period shows a simple linear relation between eccentricity and capture probability. 
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FIGURE 14. Comparison of conspicuity areas in Experiments 1 and 2. 
Data points from all array sizes combined are plotted for the standard 
display size of Experiment 1 (filled circles) and the l/4 scale display 
size of Experiment 2 (open circles). Each set of data points has been fit 
with a logistic function shown as a smooth curve. The area under the 
curve can be viewed as representing the extent of the conspicuity area. 
practice effects, although preliminary data replicating 
Experiment 1 (not presented) do not support that effect. 
The differences could be related to a difference in task or 
discrimination difficulty. In part to address this issue, we 
conducted a third series of experiments. 
Experiment 3. Task difficult and conspicuity area 
Methods 
The objective of this experimental series was to 
examine the effect of task difficulty on the midtrial 
performance data. Two different tasks were tested. For 
one task (Mult_bar) the number of orientations used was 
;nrr~ac~I tn fnllr ln the nthc=r tack (“T-r R, “c’s) .+s,e III~IVU”“U C” I”UI. 111 LL1V “C‘lrl CULT&. \ 1 ” CL 
chose to eliminate color as a differential feature (because 
of its clear role in the guidance of search, Motter & 
Belky, 1997b) and differentiate targets and distracters by 
the relative intersection of component parts. Both 
paradigms used the standard display size 
(34 x 25.5 deg) of Experiment 1 and the procedures of 
Experiments 1 and 2, with target preview for each trial 
fnllr...rswl h., tha mt;mxrl.rr. ne..-n~, C,w. anr.h tnnt nll tntrrntc. I”II”WkAI “J cue JCllllUlUlJ allay. I “I LcIbII LcIJh 411 LLu~cxi, 
array size, distractor conditions, etc. were randomly 
interleaved. Extensive training was provided prior to data 
collection. 
The first task, Mult_bar, increased the variability of the 
distracters by drawing stimuli from combinations of four 
,A,..t,t:,,, In AC nn 1’2<\ ,..A t..,?. ,w%l,.“” ,,,.A “II~,‘LclLI”113 (“, ‘tJ, 7”, IJJ, auu LW” b”I”IS \lGU aid 
green). On any given trial only five distractor combina- 
tions were used but all four orientations were represented. 
Distractor choices were further constrained so that within 
a trial only 20% of the distracters shared the target 
orientation, and across trials 50% of the distracters shared 
the target color. Arrays of 12, 24, 48, 96 and 192 stimuli 
were used. 
Tl-- ~~~~~,I *__I. --__. 111e set”,,” LX& “T’s & “I,“& .used the ‘iuw_classic 
search task of finding “T’s among “L’s or vice versa. Red 
Ts and Ls with 1.0 deg line lengths and six different 
orientations (0, 60, 120, 180, 240, 320 deg) were used. 
On each trial either a single T or a single L was the target 
amongst a field of distracters of the opposite form, evenly 
balanced (16.7%) from the six orientations available. 
Arrays of 6, 12, 24, 48, 96 objects were used. Data are 
available from only one monkey for the “T’s & “L’s task. 
Results 
These tasks, in combination with those of Experiments 
1 and 2 provide a range of tasks of varying difficulty in 
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FIGURE 15. Average number of fixations required per trial for correct 
search performance of several different search tasks. The search data 
for the “T’s & “L”s task of Experiment 3 show that this task was 
considerably more difficult than other tasks. The Mult_bar task was 
actually relatively easier than expected and comparable with the l/4 
scale task of Experiment 2. 
terms of the number of fixations required to find the target 
(see Fig. 15). As above, the midtrial fixations were used 
to derive the probabilities of target capture at various 
eccentricities from the current point of fixation. Linear 
distance measures were transformed into ANND units, as 
determined for the arrays of each task. These results are 
shown in Fig. 16 for the two new tasks. As before, the 
curves for the various array sizes are for the most part 
superimposed in both cases, indicating that target 
detection ability at a distance is a function of the spacing 
factor of stimulus density, but apparently not of lateral 
interactions. Logistic functions were fit to the data sets 
and are plotted in Fig. 17, along with similar graphs of the 
data from Experiments 1 and 2. Despite clear and major 
differences in the difficulty of these search tasks, and the 
apparent complexity of the arrays, the probability of 
capture curves are actually remarkably similar. Never- 
theless, the curves representing different tasks in Fig. 17 
are not overlapping and are roughly ordered in terms of 
task difficulty. Further preliminary studies have shown 
that while the area of conspicuity is clearly scaled by 
stimulus density spacing, its general size is controlled by 
the target-distracter discriminability (Motter & Belky, 
1997a). 
Discussion 
The conspicuity area 
During a given fixation, targets are detected with a high 
probability only within a restricted area surrounding the 
fixation point. The size of this conspicuity area is 
controlled by stimulus spacing. When the spacing aspect 
of stimulus density is normalized by converting linear 
distance to a metric based on the average nearest 
neighbor distance, detection probability as a function of 
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FIGURE 16. Probability of target capture data for Mult_bar (A) and 
“T’s & “L’s (B) tasks as a function of target eccentricity, expressed in 
average nearest neighbor distance units. Data are presented for midtrial 
fixations only. (A) Mm-bar task results showing an overlap of the 
curves for the different array sizes. Average data for two subjects with 
approx. 14000 fixations each. (B) “T’s & “L’s task results for one 
subject (43 000 fixations) showing a complete overlap of probability of 
capture curves once spacing is normalized across array sizes. Array 
sizes of 6, 12, 24, 48 and 96 items were used. 
eccentricity was found to be equivalent across stimulus 
densities. The spacing equivalence for different set sizes 
appears to hold across wide variations in target-distractor 
similarity. Logistic functions fit to the probability curves 
for different tasks were also similar, but not identical, 
each having an inflexion point at approx. 1.52.0-times 
the average nearest neighbor distance. We suggest that 
this restricted area surrounding the fixation point 
represents the normal range of focal attention during 
search. The extent of the area is predictably controlled by 
stimulus density. The zoom of attention described in 
other contexts, for example, local-global shifts, may 
occur by changing the basis units by which density is 
defined. 
Our analyses of fixation duration and saccade latencies 
suggest that stimuli within the conspicuity area are 
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FIGURE 17. Comparison of target capture probabilities for four different search tasks as a function of target eccentricity. After 
normalizing for spacing, each data set was collapsed across array size and fit by a logistic function. The resulting functions arc 
shown for each task. 
processed in parallel, although there may be a gradient of 
processing within the area itself. While this seems 
counter to many reports that focal attention is selectively 
directed to a single location or object, or one of several 
spatially coextensive portions of an object (Duncan, 
1984), it is not necessarily the case. It is likely that during 
search, focal attention is directed as widely as possible 
within the limited range of the area of conspicuity. When 
necessary, however, focal attention could be restricted to 
only a portion of that area or an object within it. In this 
view the area of conspicuity is the maximum aperture of 
focal attention for the particular stimulus condition 
during active search. When fixation is effortfully 
maintained at one location and attention intentionally 
directed into the periphery, the conspicuity area may be 
extended in that direction (Engel, 1971). This view of the 
conspicuity area is consistent with the pattern and size of 
saccades generated during search, in that the generated 
saccades are related to the size of the conspicuity area and 
tend to move fixation to the edge of the conspicuity area, 
or just beyond (Motter & Belky, 1997b). 
Attentional scanning during the jixations of search 
Our data clearly show that for visual search with eye 
movements in highly trained subjects, both the total 
search time and the number of fixations increase 
monotonically with the number of objects in displays 
composed of simple conjunctive stimuli. However, the 
number of fixations are far fewer than the number of 
objects. We examined the hypothesis that during each 
fixation a covert focal attentive scan of the surrounding 
objects is made. Under the assumption of a serial directed 
the number of objects scanned. Fixation duration, 
however, was found to be independent of the number of 
surrounding objects either in the display as a whole or in a 
local region of the display surrounding the point of 
fixation (Fig. 4). The lack of a correlation between the 
number of objects and fixation duration in our analyses, 
despite the variability noted in fixation duration, does not 
support the existence of covert attentive scanning during 
the fixations of active search. The lack of difference in 
both the initial saccade latencies during conjunction 
search, between saccades that captured the target and 
those that did not, and the lack of difference in the 
distributions of fixation duration between feature and 
conjunction search conditions, do not support a serial 
scan hypothesis. In addition, if feature search represents a 
minimum target selectiotisaccade generation sequence, 
then a subtractive comparison of Fig. 3 from Fig. 4(B) 
shows that there is very little remaining time that could be 
used for serial scanning. A remaining possibility is that 
covert scanning progresses in parallel with a mechanism 
that generates the next saccade. However, at some point 
attentional shifts are coupled to the eye movement 
(Hoffman & Subramaniam, 1995; Kowler et al., 1995), 
thus reducing the amount of time available for scanning 
to something smaller than the fixation duration itself, 
especially if the scan results are used to target stimuli. 
Our results are more in line with the idea that focal 
attention spans several objects at one time, as has been 
suggested by several limited capacity models (Duncan & 
Humphreys, 1989). Such an attentive span would be 
similar to the “perceptual span” defined in reading studies 
(Rayner, 1984). Clearly, our results for fixation in active 
process, dwell time should be an increasing function of search do not imply that serial attentive scanning does not 
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occur during longer effortful maintained fixations. A 
focal attentive “glimpse” as long as the fixation durations 
we actually observed, is more in line with the estimates of 
the time required to shift attention deduced from dual- 
task or cued switch paradigms (Duncan, Ward & Shapiro, 
1994; Moore, Egeth, Berglan & Luck, 1996; Reeves & 
Sperling, 1986), than those estimates deduced from scan 
slopes (see Wolfe, 1994, for review). 
Stimulus load 
An equivalent approach to the nearest neighbor metric 
might be to describe stimulus density in terms of stimulus 
load. For our data, we could define stimulus load as the 
number of stimuli contained within a circle about the 
current fixation with a radius equal to the target’s 
eccentricity. Using this transform the probability of 
detecting a target falls off as a function of increasing 
stimulus load, i.e., increasing numbers of stimuli in the 
area around the fixation point and extending out to the 
target. Figure 18 shows the relationship between the 
average nearest neighbor distance and the number of 
stimuli falling within that distance (stimulus load), as 
measured from our display data. Within a distance of two 
average nearest neighbor distance units there are about 
three additional stimuli surrounding the fixated one. 
Thus, during each fixation the subjects might process the 
target fixated and, on average, the nearest three additional 
stimuli. This view suggests that the processing of 
information in the vicinity of the fixation point is limited 
(or limits itself) to just a few objects. A similar view has 
been suggested by others in terms of a critical number of 
stimulus load items or bits of information (Verghese & 
Pelli, 1992). While we have seen no evidence (color bars, 
Mult_bar, “T’s & “L’s) that the complexity of the stimuli 
affect the width of the conspicuity region, some 
preliminary evidence indicates that target-distracter 
similarity differences do affect the width of the 
conspicuity area (see also, Engel, 1971, 1974). The size 
of the conspicuity area may be governed by some 
relationship between target and distractor other than 
simply the numbers of distracters, or even relevant 
distracters. For the moment then, the conspicuity area is 
probably better viewed as having a spatial limitation 
rather than a limit of the number of items processed. 
Initial vs midtrial search pellformance 
Our experiments revealed an important difference 
between performance measures taken with reference to 
the initial onset of the stimulus array vs those taken later 
during the various fixation and saccade periods of the 
remainder of the trial. For the initial presentation period, 
the probability of detecting a target falls off more steeply 
with eccentricity than it does for the midtrial period. 
When the initial presentation data are plotted in terms of 
ANND distance, the curves splay out [Fig. 7(B) and Fig. 
12(B)] and become organized in a reversal of the standard 
array size effect. We do not know whether the differences 
are truly qualitative, but they occur over a short period of 
time. The splaying out is similar in the feature search 
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FIGURE 18. Stimulus load surrounding fixation could be represented 
by the number of objects within a certain distance of fixation. When 
distance is expressed in units of the average nearest neighbor distance, 
the relationship between distance and the number of stimuli is invariant 
across array sizes. The data values plotted were obtained from 
measurements of stimulus distances from fixation in Experiment 1. 
The small discrepancy between an ANND value of one and the actual 
number of stimuli observed at that distance reflects the fact that some 
fixations were in blank areas of the display. The splaying of the curves 
at larger ANND distances is due to the boundary conditions of the 
display. 
conditions during the same initial presentation period. 
This suggests a common mechanism for both search 
conditions, but an underlying principle for these early and 
late processing differences has not been identified. 
However, a common display technique used to avoid 
eye movements is to present stimuli for a short time. Our 
results suggest that this technique may measure a visual 
state that is significantly different from that present 
during normal viewing of a static scene. 
We determined that the differences were not related to 
the absence of a stimulus at fixation at array onset and 
therefore not due to fovea1 load or engagement. It is 
possible that these differences reflect something to do 
with saccade planning or the information available at 
stimulus onset. For example, interactions between 
elements of the array scene may be different during the 
initial volley of information through the visual system 
following stimulus onset than they are during subsequent 
periods of time. The feedback influence of the informa- 
tion presented outside a neuron’s receptive field upon the 
response to a receptive field stimulus has been shown to 
arrive 50 msec or more later than the initial response. In 
primary visual cortex this delay amounts to a feedback 
arrival time of 100 msec (Zipser, Lamme & Schiller, 
1996) following initial presentation. Given our initial 
saccade latencies of approx. 150-17.5 msec and a motor 
planning and execution period of >50 msec, this would 
imply that the first saccade is based on information 
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processed before the surround information can have a full 
effect. 
Information about the surround is essential to the 
definition of the conspicuity area, hence before it arrives, 
the interactions that form the conspicuity area are in a 
different state. The informational content of the surround 
may simply not be available soon enough following the 
initial presentation of the array to affect the first decision 
and saccade. Once the density of the display is 
established, the effect may persist across saccades 
because the general surround information does not 
change during a trial, although such persistence has yet 
to be demonstrated. We were unable to address this issue 
in our data. except to verify that the relationship depicted 
in Fig. 5(B) is present when analysis is limited to the first 
midtrial fixation of each trial, thus the change occurs 
between the initial presentation and the fixation following 
the initial saccade. There was not enough variability in 
saccade latencies in these highly trained subjects to 
rationally divide the initial period into “early and late” 
components for separate analysis. 
Feature vs conjunction search arrays 
Visual search for feature unique targets amongst 
otherwise homogeneous distracters is clearly different 
than for unique feature combinations amongst mixed 
feature arrays of varying density. In agreement with the 
results of studies using maintained fixation (Treisman, 
1988; Wolfe, 1994), we found that search time and the 
number of fixations prior to target capture are indepen- 
dent of the total number of distracters in feature search 
arrays. Our analysis of midtrial data revealed a simple 
linear relationship between eccentricity (in deg) and the 
probability that the target would be detected. Contrary to 
feature search, the results for conjunctive search condi- 
tions indicate that stimulus density has a major impact on 
target detection as a function of eccentricity. Surpris- 
ingly, our analysis demonstrated that the stimulus density 
differences are completely explained by stimulus spacing 
considerations, and not stimulus interaction effects tied to 
local linear distances. It appears that targets at a distance 
greater than twice the average nearest neighbor distance 
are not located by a focal attentive mechanism during 
saccadic scanning. 
But are the feature and conjunctive searches actually 
different? Suppose for a moment that feature targets 
actually stand out far enough above the background 
distracters that they become effectively a separate array 
(of one item). Then no matter how many distracters, the 
effective array size is one, and the probability of capture 
as a function of eccentricity should be the same [as is the 
case in Fig. 8(B)] and comparable with what would be 
expected for an array of one item under the conjunction 
conditions. Consider a plot of the feature midtrial data of 
Fig. 8(B) on the conjunction midtrial data of Fig. 5(A). 
The feature data would lie parallel and slightly above the 
conjunction data plotted for an array size of six. An array 
of one would be limited only by acuity factors. Similarly, 
we could suggest that the relevant criteria for determining 
the conspicuity area is limited to the density of stimuli 
having the correct color (or orientation), rather than all 
stimuli. For example, if the relevant dimension for 
conjunction arrays could be limited to one feature (e.g., 
color) then an array of six items reduces to three, and the 
spacing between curves in a plot of Fig. 8(B) on Fig. 5(A) 
fits even more appropriately. Nevertheless, segmenting a 
conjunction array based on color would not lead to a 
“pop-out” of the oriented target because the integration of 
color and orientation still requires the focal attentive 
scrutiny provided only within the conspicuity area 
defined by the density of relevant stimuli. Our pre- 
liminary data support this notion (Motter & Belky, 
1997a). This reasoning suggests a general scheme in 
which the area of conspicuity is expanded across the 
scene dependent upon the degree to which the target is 
different from distracters. If target uniqueness could be 
defined by a higher level selection of properties, then the 
conspicuity area, the range of focal attention, could be 
“zoomed” at least somewhat independently of the actual 
scene items. Thus, a simple set of functions relating target 
and distracters could describe the probability of target 
capture as a function of eccentricity. 
The relationships described in this report form a basic 
set of constraints upon which a model of search behavior 
can be constructed once an appropriate scheme for 
guidance, i.e., selection of the next fixation location, is 
determined. A subsequent report (Motter & Belky, 1997b) 
will address the guidance of search within these arrays in 
terms of pattern and amplitude of generated saccades, and 
suggest an overall model of search performance in simple 
arrays that can be described as a sequence of item-by-item 
fixations coupled with a parallel assessment of objects in 
the vicinity of each fixation. 
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